Abstract
Introduction
Although macular visual field (VF) defects have been thought to occur in later stages, recent studies have shown to occur during the early stages of glaucoma [1] [2] [3] . As central VF defects can adversely affect driving performance and reading ability, clinicians need to carefully evaluate VF defects that occur near the fixation point in glaucoma patients [4, 5] . With the implementation of new segmentation algorithms, optical coherence tomography (OCT) can now be used to visualize and measure the individual retinal layers in the macular region [6] [7] [8] . Ganglion cell analysis (GCA) can be performed using OCT, which measures the retinal ganglion cell (RGC) or the RGC + inner plexiform layer (IPL) thicknesses [7, 9, 10] . Using the Cirrus HD-OCT GCA algorithm (Carl Zeiss Meditec, Dublin, CA), Mwanza et al. [11, 12] were able to detect and measure the inner macular layers, which contained the ganglion cell layer and the IPL. When using this technique, they additionally found there was excellent intervisit reproducibility [11, 12] .
Since 2009, microperimetry field advancements (Macular Integrity Assessment: MAIA TM ;
CenterVue, Padova, Italy) have facilitated the assessment of the macular function through accurate measurements of the visual field sensitivity, fixation stability and the site of fixation [13] . The MP-3 (Nidek Technologies Srl, Padova, Italy) is a newly developed instrument that makes it possible to perform fundus perimetry. An advantage of using MAIA TM or the MP-3 is that these devices can provide a broader tracking system with a clear and detailed retinal image. Due to the quality of these images, this results in a higher reliability. Furthermore, MAIA TM and the MP-3 both provide precise eye tracking systems that can be used to perform a quantitative analysis of a patient's fixation in terms of stability and location [13, 14] . The Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Dublin, CA) has been shown to have high test-retest variability. Because of this, HFA cannot reliably identify VF progression, in addition to only being able to document a poor relationship between the structure and function [15] . One of the major factors in this test-retest variability involves fixation errors [16] . Microperimetry utilizes precise eye tracking systems that are able to improve eye fixation stabilization. Thus, the use of this technique can lead to improved calculations of the correlation coefficient, thereby making it possible to better define the relationship between the structure and function.
Spectral-domain OCT has been used in multiple studies to examine the macula and the relationship between structural and functional damage [9, 10] . This method improves the detection of the presence and progression of glaucomatous damage [15] . We previously used Cirrus HD-OCT to measure the GCA thickness and demonstrated that there were statistically significant structure-function associations with the MAIA TM -measured central VF [10] . The HFA has been used as the standard tool for performing a functional assessment of the visual performance. In addition, the HFA is the clinical standard device for evaluating glaucoma. In our current investigation, we attempted to further evaluate which perimetry best reflects the structurefunction relationship in the central VF, as we believe the results of such a study would be of great interest to both clinicians and researchers in this field.
The overall aim of this study was to compare the measurements of the macular VF mean sensitivity that were made by the MAIA TM , MP-3, and HFA instruments, and then determine if there was any potential relationships between these measurements and the GCA thicknesses.
Materials and Methods
This study was performed at Kagawa University Hospital, with all of the patients examined from November 2014 through March 2015. The macular inner structure thickness was examined at each patient visit through the use of the GCA algorithm. Patients were also examined by MAIA TM , MP-3 and HFA, with the results used for calculating the static threshold perimetry. Prior to the examinations, all of the subjects were given a detailed explanation of the study, and then asked to sign an informed consent form in accordance with the principles embodied in the Declaration of Helsinki. The Institutional Review Board of the Kagawa University Faculty of Medicine approved the study protocol. The normal controls used in this study were volunteers who were recruited from subjects visiting our outpatient clinics, were spouses or friends of the enrolled patients, or were members of our hospital staff.
A complete ophthalmic examination was performed at the start of the study. The tests performed in all subjects included visual acuity testing with refraction, intraocular pressure (IOP), gonioscopy examinations, and dilated fundus examination with stereoscopic biomicroscopy of the optic nerve head using slit lamp and indirect ophthalmoscopy. Subjects with a best-corrected visual acuity of 20/40 or better, a spherical error within a range between +4.0 and -6.0 diopters, a cylinder within ± 2.0 diopters, and open angles (grade 3 and 4 according to the Shaffer grading system) were included in the study. However, any subjects with a history of retinal pathology or neurologic disease, retinal laser procedure, or either retinal or intraocular surgery, were excluded from the study. After being enrolled, one eye in each subject was randomly chosen for inclusion in the study. Control subjects were required to have an IOP 21 mmHg, no history of retinal pathology, and a normal visual field. In order to be defined as glaucoma, eyes had to exhibit the following structural glaucomatous changes. First, the vertical cup-disc asymmetry between the fellow eyes needed to be 0.2. Second, the cup-to-disc ratio had to be 0.6, and the eye needed to exhibit neuroretinal rim narrowing, notches, localized pallor, or RNFL defects with glaucomatous VF loss in the corresponding hemifield. To be defined as glaucomatous VF, the subject had to have a glaucoma hemifield test (GHT) outside of the normal limits on at least two consecutive baseline tests, with at least three contiguous test points within the same hemifield on the pattern deviation plot at P < 1%, and at least one at P < 0.5%, excluding those points that were on the edge of the field or that were directly above and below the blind spot.
Cirrus HD-OCT Imaging
The imaging protocol for the Cirrus HD-OCT device (version 6.0 of the GCA algorithm) has been previously described [10] . Briefly, this protocol uses a macular cube with 200 (vertical) × 200 (horizontal) scans that are performed 1024 times within a cube that measures 6 × 6 × 2 mm [10] . The macular GCA thickness was automatically measured within a 14.13 mm 2 elliptical annulus area centered on the fovea through the use of the GCA analysis algorithm. For all of the data analyses, only good quality scans were used. A good quality scan was defined as a scan that had a signal strength 6, was without retinal nerve fiber layer (RNFL) discontinuity or misalignment, had no involuntary saccade or blinking artifacts, and during a careful visual inspection, the image showed an absence of algorithm segmentation failure. In order to create a region of interest that lies within the intraretinal layers, the input image data are initially segmented using the existing Cirrus inner limiting membrane (ILM) and retinal pigment epithelium (RPE) segmentation algorithms [11, 12] . These algorithms are able to identify the RNFL layer, the GCA layer, and the outer retinal layer. The GCA layer is the region that is found between the outer boundary of the RNFL and the outer boundary of the IPL. This area includes both the RGC layer and the IPL. By using a graph-based algorithm to identify each layer, the segmentation procedure is able to operate in three dimensions. Description of how the algorithm specifically operates has been previously presented in detail [11, 12] . For the nine thicknesses calculated by the algorithm, all measurements were performed within the annular area that is centered on the fovea. The measurements taken included the global, superior hemifield and inferior hemifield averages, along with the six sectoral values of the respective layers (superotemporal, superior, superonasal, inferotemporal, inferior, and inferonasal).
Microperimetry Examinations
MAIA TM measurements were performed without any dilation of the pupil in a dim room. The 4-2 threshold strategy was used during the MAIA TM examinations. The specific parameters used included a 68-stimuli grid covering the central 10°of the retina, with a fixation target composed of a red circle with a 1°diameter. A standard Goldmann III stimulus size was used, with the background luminance set at 4 asb, while the maximum luminance was set at 1,000 asb. The stimulus dynamic range for the device was 36 dB. One of the benefits of the MAIA TM device is that it makes it possible to determine which of the fixation stabilities are stable. As result, we were able to perform our data analysis using only stable fixation tests. Similar to the MAIA TM measurements, we also performed the MP-3 examinations in a dim room. However, since this instrument requires at least a 4 mm pupil diameter, some of the patients had to undergo pupil dilation prior to this examination. The parameters for the MP-3 device were similar to those used for the MAIA TM device. Thus, we used the 4-2 threshold strategy, with a 68-stimuli grid covering the central 10°of the retina, and a fixation target that was composed of a red circle with a 1°diameter. This examination also used a standard Goldmann III stimulus size, with the background and maximum luminance set at 31.4 and 10,000 asb, respectively. The stimulus dynamic range for the MP-3 was 34 dB. Similar to that for the MAIA TM device, the MP-3 device was also able to determine which of the fixation stabilities were stable. Thus, our analyses only used the stable fixation tests.
Visual Sensitivity of the 10-2 HFA
We used static automated white-on-white threshold perimetry (HFA; 10-2 Swedish Interactive Threshold Algorithm Standard test) to examine the visual sensitivity. When the fixation losses and the false-positive/false-negative rates were less than 20%, the VF results were considered to be reliable. Our subsequent analyses only use the reliable test data.
Mapping Structure to Function
The VF sensitivity obtained for each subject was used for the functional measurement analysis. Although 94 eyes qualified for initial inclusion, 2 eyes were subsequently excluded due to the fact that one of the eyes had a very small pupil even with dilation, while the other exhibited unstable fixation. Therefore, the final analysis examined a total of 92 eyes. When trying to determine the association between the GCA thickness and the local loss in VF sensitivity, it is imperative that the macular RGC displacement should also be evaluated [17] . We approximated the average location of the RGCs associated with each VF test point based on equations that were derived from the work of Drasdo et al [18] . Fig 1 shows the location of the VF test points, while Fig 2 shows the location before and after adjusting for the RGC displacement (Figs 1 and 2 ). Before adjusting for the RGC, we applied the Drasdo et al. [18] displacement model, as most of the inner macular layer areas used for the stimulus points were outside the measurement areas used for the GCA. Our analysis calculated the mean sensitivity of 36 test points (yellow circle), as well as the test points in the lower and upper hemifields (18 test points each). The data collected when using both the VF and OCT in the retinal view were used to determine the structure-function relationships in each of the six sectors. Our analyses demonstrated that the fundus perimetry data were specifically related to the stimulated area. Thus, this indicates that functional measurements of MAIA TM or MP-3 are indeed correlated with the OCT structural measurements in the same hemifield. 
Statistical Analysis
Instead of analyzing the total deviation measured by HFA, this study used MAIA TM and MP-3 for our investigations, as these methods are able to determine the sensitivity in different locations. We calculated the global mean sensitivity values by simply averaging the values. The correlation between the GCA thickness and the corresponding VF mean sensitivity was examined by using Spearman rank order correlations. An independent Student's t-test and the chi-square test for categorical parameters were used to assess differences between the control and glaucoma groups. Test duration was assessed by Tukey's HSD test. Intraindividual variation assessments were performed using an intraclass correlation coefficient (ICC). All statistical values are presented as the mean ± standard deviation (SD), with P values < 0.05 considered to be statistically significant. All statistical analyses were carried out using SPSS version 19.0 (IBM, New York, NY). Comparisons of the strength of the structure-function association were evaluated by tests of equality of dependent correlation coefficients. Table 1 presents the demographic characteristics of the 73 glaucoma patients and 19 healthy subjects enrolled in the study. The grade of the disease, which was based on the standard VF severity grading scale [19] , ranged from early to moderate in the glaucomatous eyes of the 73 patients, with 17 (23.9%) classified as early, 24 (32.8%) as moderate, and 32 (43.3%) as severe ( Table 2 ). All of the early, moderate, and severe glaucoma eyes on the 30-2 VFs were classified as abnormal on the 10-2 VFs. The 10-2 VF displaced points corresponded to the RGC locations. These locations were based on a model that was derived from a previous histological analysis. 13 After dividing the GCA thickness areas into the upper and lower hemifield sectors, either MAIA TM , MP-3, or HFA was used to obtain the corresponding VF regions. doi:10.1371/journal.pone.0151000.g002
Results
The average sensitivity for each parameter evaluated by the MAIA TM , MP-3 and HFA instruments is shown in Table 3 . All parameters in the glaucomatous eyes were significantly lower than those of the normal eyes. There was a significant difference in the GCA thickness between the glaucoma and healthy subjects groups (Table 4) . The GCA thickness and corresponding VF mean sensitivity were obtained by the MAIA TM , MP-3 and HFA and used to evaluate the structure-function relationship (Fig 3 and Table 5 ). There were no significant differences in the structure-function relationship observed among the three VF measurement instruments. However, the highest correlations for the GCA thickness-VF mean sensitivity for the global and superior hemiretina were found by the HFA, while the highest correlation for the inferior hemiretina GCA thickness-VF mean sensitivity was observed by the MP-3. The highest Spearman correlation coefficient for all of the GCA thickness-VF mean sensitivity measurements in each sector was 0.718 for the HFA measurements in the inferotemporal sector (Table 5) . Table 6 shows the intraindividual variations. The ICC values ranged from 0.466 in the superotemporal sector to 0.851 in the inferonasal sector. Table 7 lists the test durations for the VF measurements in each of the instruments. Among the three instruments, HFA had the shortest test duration for the VF measurements.
Discussion
Macular disorders, such as diabetic macular edema, age-related macular degeneration and macular hole, are commonly evaluated using microperimetry [20] [21] [22] . Furthermore, this technique has also been used to assess glaucoma, including peripapillary nerve fiber layer and macular function [10, [23] [24] [25] [26] . When using microperimetry, MAIA TM or MP-3, these devices are able to automatically record the fixation behavior during the evaluation. In addition, the devices use an autotracking system that makes it possible to adjust stimulus points to predefined retinal positions, thereby ensuring the field testing is reliable. Based on these previous findings and the advantages associated with these devices, we hypothesized that better investigations of the relationship between the function and structure could be achieved when using microperimetry. However, our current study found that evaluations of the macular function by MAIA TM or MP-3 were similar to that for HFA. Since only stable fixation tests were included in the current study, this indicates that there are no additional advantages when using MAIA TM or MP-3 as compared with HFA, which is the standard examination used in glaucoma management. Previous studies have reported that the strength of the structure-function relationship is related to the individual anatomy and the variations in the subject, the stage of glaucoma in the study sample, the VF scale, OCT segmentation algorithm errors, OCT/perimetry floor effects, test-retest variability, fixation loss, and the regression model used [15, 16, [27] [28] [29] . However, a previous study that examined the test-retest variability found similar results between microperimetry, MP-1 and HFA [30] . We have also examined this relationship and demonstrated that there was a correlation between the GCA thickness and macular visual field sensitivity when measured with MAIA TM [10] . Our previous results indicated that the inferior central VF had a stronger association versus that for the superior central VF. In the current study, our findings not only confirm the results of our previous study, but also show that the results for the MP-3 or HFA are similar to those for MAIA TM . Histological studies in humans [31, 32] and monkey eyes [33] that examined the central retina have demonstrated that there are more ganglion cells in the superior versus the inferior sectors. Thus, differences in the distribution of the ganglion cells could very well affect the strength of these structure-function relationships. Mean macular sensitivity evaluated by microperimetry has also been shown to be significantly correlated with the mean HFA results in glaucoma patients [25, 26] . These results indirectly support our current study, which demonstrated that the three different VF measurement instruments, MAIA TM , MP-3, and HFA, all described similar structure-function relationships in the central VF.
It should be noted, however, that the test duration for the VF measurements in each of the instruments was significantly different. Test durations of the microperimetry devices, MAIA TM or MP-3, were significantly longer than that observed for HFA, due to the fact that the autotracking systems of these devices automatically compensates for eye movement. However, this does not explain why we found the test duration of the MP-3 to be significantly longer than that of MAIA TM . One possible explanation may be related to the fact that many of the patients who were examined expressed feeling that the intervals between the stimuli and the stimuli of MP-3 were longer than that of the MAIA TM device. There were several limitations for our current study. First, we did not find any obvious difference between primary-open angle and normal-tension glaucoma patients with regard to the structure-function relationship. To address this, additional studies that more closely examine the different types of glaucoma will need to be undertaken. Also, since our study did not include any preperimetric glaucoma patients, further studies that examine and compare these patients with regard to the structure-function relationships will need to be undertaken. Second possible limitation is that the controls in our study were undergoing perimetry for perhaps the first time. Experience has been shown to be an important factor when being evaluated by perimetry. Even so, we do not believe that this affected our current results, as our analyses only included reliable tests. Another possible limitation is that learning effects might have influenced the results of our current study. Since the instrument used for the MP-3 examination requires at least a 4 mm pupil diameter, some of the patients had to undergo pupil dilation prior to their evaluation. As a result, it was necessary to set the order of three perimetric tests as HFA, MAIA TM , and then MP-3. However, while it has been reported that there is a learning effect associated with HFA [34] , there have been no studies to date that have reported finding a learning effect for microperimetry in either subjects with or without retinal diseases [30, 35] .
Conclusions
In summary, the measurements of the VF sensitivity in the macular region by MAIA TM , MP-3, and HFA were comparable, indicating that these three devices are able to similarly evaluate the structure-function relationship. However, when comparing the structure-function relationship between these instruments, we need take into consideration that intraindividual variations may exist in the subjects being examined by these devices. 
